The retinal pigment epithelium (RPE) is a monolayer of cuboidal cells that lies in close association with the rod and cone photoreceptors. This epithelium has diverse features, three of which are discussed in some detail in this review, namely the daily phagocytosis of rod and cone outer segment fragments that are shed from their distal ends; the uptake, processing, transport and release of vitamin A (retinol) and some of its visual cycle intermediates (retinoids); and some of the aspects of its apical and basolateral membrane polarity that are the reverse of most other epithelia.
INTRODUCTION
The retinal pigment epithelium (RPE) is a multifunctional and indispensable component of the vertebrate retina. It is strategically placed between the large-bore capillary bed of the choroidal layer of the eye and the photoreceptors of the neurosensory retina. By virtue of this location, it forms part of the blood retinal barrier via its tight junctions (Peyman and Bok, 1972) , the other barrier being at the level of reti nal blood vessels. Additionally, the RPE is responsible for the net movement of ions and water in an apical to basal direction (retinal to choroidal), thereby maintaining the neu rosensory retina in a proper state of dehydration and opti cal clarity. It absorbs stray light that would otherwise degrade the visual image and plays an adhesive role that aids in the attachment of the retina to the choroidal layer. Among the more fascinating aspects of RPE function are the uptake, processing and transport of retinoids that sub serve vision, and the intermittent phagocytosis of detached distal portions of the rod and cone light-sensitive organelles (outer segments), thereby subserving the renewal of each of these organelles by new membrane assembly at their proximal ends.
Early in the life of the individual the activities of the RPE begin. It continues to carry out these functions until it is lost through disease or death of the host. Under normal circumstances the RPE, once differentiated, does not renew itself by cell division. Thus it must remain viable and perform its array of functions throughout the lifetime of the individual, a period that can exceed 100 years in humans.
The RPE is remarkable not only in its versatility but also because it has a feature that makes it virtually unique among epithelia, at least in the view of those investigators who have an interest in epithelial cell polarity. Most of the sur face Na,K-ATPase in the RPE is expressed on the apical membrane domain (Steinberg and Miller, 1973; Bok, 1982) , a feature that is shared only by the epithelium of the choroid plexus (Quinton et al. 1973) , a tissue with which it has some developmental kinship. What follows is a brief review of several o f the RPE functions that have held the attention of our laboratory.
PHAGOCYTIC PROPERTIES OF THE RETINAL PIGMENT EPITHELIUM
T he outer segm ents o f rods and cones are closely associ ated w ith the RPE via villous and pseudopodial attach m ents. These three cell types (rods, cones and RPE) inter act in several ways, one o f the m ost interesting o f w hich involves a lim b of the photoreceptor outer segm ent renewal process, nam ely RPE phagocytosis o f distal portions o f rod and cone outer segm ents (for a review , see Bok, 1985) . The definitive evidence for this process relative to rod photore ceptors was gathered by tissue autoradiography follow ing the injection o f radioactive am ino acids into anim als. R adioactive m em branous discs o f the labeled rod outer seg m ents w ere interm ittently shed and then phagocytosed by the RPE follow ing their displacem ent from the proxim al to distal end o f the outer segm ent by m em brane assem bly (Y oung and Bok, 1969) . In som e anim als, such as the rat, this process exhibits a strong circadian rhythm (LaV ail, 1976) . A lthough the details o f this interaction rem ain to be w orked out, recent evidence from X enopus suggests that the circadian clock for this process resides in the photorecep tor cell itself (C ahill and Besharse, 1992) . H ow ever the p h o toreceptor is not solely in control o f disc shedding, since it has been observed that close approxim ation o f photorecep tors and RPE is required before the process can take place (W illiam s and Fisher, 1987) . Furtherm ore, the rat RPE also show s a circadian rhythm with respect to the processing of this phagocytic load. Lysosom al fusion can be triggered by both light and circadian m echanism s (Bosch et al., 1993) . Follow ing ingestion o f an outer segm ent fragm ent (the frag m ent thereby becom ing a phagosom e), the lysosom al response occurs in tw o steps (Fig. 1A and B) . First, sm all lysosom es fuse w ith the outer segm ent fragm ent to form phagolysosom es. T hen larger lysosom es, form ed by the fusion o f sm aller precursors, interact w ith the phagolyso som es through w hat appear to be bridge-like structures. This process w as recently follow ed in detail by rapid freez ing o f rat RPE at various tim es before and after light onset, and m onitoring o f the fusion o f lysosom es w ith cathepsin D antibodies (Bosch et al., 1993) .
R ecognition signals that subserve outer segm ent shed ding and phagocytosis also rem ain unresolved (for a review , see Bok, 1988) . It is believed that this process involves receptor-ligand interactions, but these m em brane com po nents have not been isolated. Y ears o f daily phagocytosis by the RPE are thought even tually to take their toll in som e individuals. O ver tim e, lipofuscin accum ulates in the aging RPE until, in som e cases, the cells are virtually engorged w ith this m aterial and func tion is alm ost certainly com prom ised (for a review , see Y oung, 1987) . Som e investigators believe that this aging process is a causative factor in age-related m acular degen eration, a leading cause o f retinal blindness in countries w ith large senior populations. The m acular photoreceptors, w hich include both rods and cones, then die as a secondary response to an aged and incom petent RPE. Currently, there is considerable interest in developing m ethods fo r the trans plantation o f healthy R PE into these individuals (for a review , see B ok et al., 1993) . Transplantation o f the RPE is feasible because it is capable o f leaving its postm itotic state w hen placed in culture or the appropriate m icroenvi ronm ent. Indeed, healthy RPE has been transplanted suc cessfully into the retinas o f rats that carry a m utation that im pairs the phagocytic function o f the RPE and leads to p hotoreceptor death (Bok and Hall, 1971; M ullen and LaV ail, 1976) . RPE transplantation rescues the adjacent photoreceptors from this fate (Li and T urner, 1988) .
UPTAKE PROCESSING, TRANSPORT AND RELEASE OF RETINOIDS BY THE RPE
O ne of the highly-specialized functions o f the R PE is its role in the visual or retinoid cycle (Fig. 2) . This involves the repeated m ovem ent o f vitam in A (retinol) and some o f its derivatives (retinoids) back and forth betw een the rods and cones (photoreceptors) and the RPE (Dowling, 1960) . The purpose o f this cycle is to regenerate 11-a's retinaldehyde, the retinoid that serves as the chrom ophore for the visual pig ments in rod and cone outer segments and w hose photon trig gered isom erization to the al\-trans form is the first step in phototransduction. T he RPE is the cellular site in w hich regeneration o f 11-m -retinaldehyde (11 -c/s-retinal) takes place (Bernstein et al., 1987) . Therefore, all-trans retinol, the product o f photoisom erization and reduction in the photore ceptor outer segment, m ust leave the photoreceptors, traverse the extracellular space between the photoreceptors and RPE and undergo reisom erization to ll-c /s retinal and oxidation prior to returning to the photoreceptors across the extracel lular space. This, in summ ary, is the visual cycle.
D uring the visual cycle, the retina is conservative with respect to the reutilization o f its endogenous retinoids, as indicated by the fact that they are so tightly sequestered there once they are taken up for the circulation (Dow ling, 1964) . T he delivery o f retinol from the blood to the retina and its recycling w ithin the retina involve a cohort o f binding pro teins that solubilize and protect retinol and its derivatives from dam age (Fig. 2) . Retinol is a lipid-soluble m olecule and its solubility in w ater is in the nanom olar range. Its con centration in the blood, how ever, is m icrom olar. This increase in solubility is achieved by plasm a retinol binding protein (RBP), with w hich it is secreted by the liver (Kanai et al., 1968) . RB P circulates as a com plex w ith transthyretin, a thyroxin-binding protein, and delivers its cargo of retinol to the RPE by a receptor-m ediated process, the precise m ol ecular m echanism s o f w hich rem ain unresolved (Heller, F ig. 2. Diagram of the visual cycle. This complicated process involves a group o f extracellular and intracellular retinoid binding proteins that solubilize and protect the retinoids and serve as substrate carriers for enzymes. The cycle also involves rod and cone photopigments that initiate phototransduction, plus enzymes that convert retinol into its various visual cycle intermediates, the final product being the photopigment chromophore, 11-cis retinaldehyde (1 l-cis retinal). Basolateral uptake and apical uptake and release of retinol are mediated by separate binding proteins. See text for further details. 1975; H eller and Bok, 1976) . Putative receptors for RBP exist on the basolateral m em brane o f the RPE . A utoradiographic studies involving 125I-labeling o f RB P strongly suggest that the protein does not enter the RPE cells during retinol delivery. Follow ing the entry of retinol into the cell, its solubilization continues and its processing com m ences. Studies from a variety o f laborato ries com bine to suggest the follow ing series of events (Fig.  2 ) that ultim ately lead to the release o f the finished product, 1 l-cis retinaldehyde, from the apical m em brane o f the RPE, across the extracellular m atrix and into the photoreceptors (for a review , see Saari, 1990) .
W ithin the RPE, retinol is bound to cellular retinol-bind ing protein (CRBP, B ok et al., 1984) , a protein that has no am ino acid sequence hom ology w ith RB P but belongs instead to a fam ily o f fatty acid binding proteins (Sundelin et al. 1985) . T he bound retinol is esterified prim arily to palm itic acid and the resulting retinyl ester serves as both the storage form o f retinol in the RPE and the substrate for retinoid isom erase (Barry et al., 1989) , a m em brane-bound enzym e that converts the ester to 1 l-c« -retin o l (Bernstein et al., 1987) . This retinoid isom er is bound by yet another intracellular binding protein nam ed cellular retinal binding protein (CRA LBP, Futterm an et al., 1977) . It presents the retinoid to an oxidoreductase (Saari and Bredberg, 1982) , w hich converts it to the final product, 11 -cis retinaldehyde. The cellular release o f 1 1 -m -retinal then takes place across the apical m em brane o f the RPE. The release process is prom oted by a large extracellular retinoid binding glyco protein (A dler and K lusznik, 1982) called interphotorecep tor retinoid binding protein (IRBP, Lai et al., 1982; Liou et al., 1982) . The m echanism for this release appears to involve a receptor-m ediated process by virtue o f its speci ficity for IRBP. In tissue culture (Carlson and Bok, 1992) and in am phibian eyecups (O kajim a et al., 1989 ) that have had the neurosensory retina rem oved, release o f 11-ris-retinal is up to 5-fold higher in the presence o f IR B P than it is w hen other proteins are substituted for it, including CR A LB P, w hich has a m uch higher affinity for 1 l-c/.v-retinal than IRBP. IR B P is thought to m ediate the delivery of 11 -d s-retin al to the photoreceptors and the return o f alltrans-retinol back to the RPE follow ing photobleaching. A gain, the m echanism s for this have not been resolved (Saari, 1990) . N onethless, the efficiency o f delivery o f alltrans-retinol across the apical m em brane appears to be at its highest under experim ental conditions when the deliv ery is via IR B P as opposed to non-specific carrier proteins such as bovine serum album in (O kajim a et al., 1989) .
Individuals who suffer from a rare autosom al recessive syndrom e called R efsum 's disease have a deficiency in phy tanic acid alpha hydroxylase, w hich leads to the accum u lation o f a branched fatty acid called phytanic acid (Klenk and Kahlke, 1963; Eldjarn et al., 1966) . In addition to neu rologic disorders, these patients suffer from night blindness and retinitis pigm entosa due to the loss o f their RPE and photoreceptors. T here are tw o hypotheses that suggest a m olecular m echanism for this cell degeneration. O ne hypothesis favors a m etabolic basis and suggests that p h y tanic acid com petes w ith palm itic acid for the esterification o f retinol, thereby com peting with retinyl palm itate in the visual cycle (Levy, 1970) . The m olecular distortion hypoth esis speculates that phytanic acid, due to its side chains, perturbs the integrity o f lipid bilayers and leads to a gen eral decline in cell function, particularly in regions o f high m em brane density such as m yelin and photoreceptor outer segm ents (Steinberg, 1978) or perhaps by causing lysoso mal m em branes to becom e leaky.
Recently, w e w ere able to model R efsu m 's disease in RPE cell cultures grown on porous supports and to test the antim etabolite hypothesis (Bernstein et al., 1992) . H um an and bovine RPE cells w ere exposed to levels of phytanic acid (200 jjJVI) com parable to those m easured in hum an patients. T he cells w ere then analyzed m orphologically and by high perform ance liquid chrom atography in order to assess their ability to process retinoids. W e w ere able to show that their ability to esterify retinol and to isom erize a\\-trans retinoids to 11 -cis retinoids rem ained intact, in spite o f the synthesis of a large am ount o f retinyl phytanate. This provides evidence against the hypothesis that phytanic acid inhibits retinol processing by the R PE and favors the distortion hypothesis.
RPE POLARITY: THE ISSUE OF Na,K-ATPASE TRAFFICKING AND POLARITY OF VIRAL BUDDING
As m entioned earlier, the RPE shares a unique feature with (Fig. 3) rather than the basolateral expression observed in we w ondered w hether the RPE m ight possess general mem-brane protein trafficking mechanisms that are the reverse of that in the kidney. To explore this possibility, we infected cultured human and bovine RPE with enveloped viruses whose progeny bud from specific membrane domains (Rodriguez-Boulan and Sabatini, 1978) , as dictated by the sorting of their envelope glycoproteins (Rodriguez-Boulan and Pendergast, 1980) . Influenza hemagglutinin (HA) is sorted to the apical membrane in kidney (MDCK) and other polarized epithelial cells, whereas vesicular stomatitis (VSV) glycoprotein (G-protein) is targeted to the basolat eral membrane. Cultured human (Fig. 4) and bovine RPE cells exhibited the same pattern of viral budding as has been observed in other polarized epithelia . Therefore, as far as viral envelope glycoproteins are con cerned, the RPE does not appear to have a generalized sort ing mechanism that is unique. We must therefore search for alternative mechanisms in order to gain an understanding of Na,K-ATPase trafficking in the RPE. Hammerton et al. (1991) have shown that MDCK cells insert their Na,K-ATPase into both the baso lateral and apical membranes, and then achieve polarity by inactivating and then removing the apical proteins. The RPE may do the reverse by inactivation and removal of Na,KATPase from the basolateral membrane.
There is a growing impression, based on experimental evidence, that Na,K-ATPase polarity might be dictated by cytoskeletal elements. Fodrin and ankyrin also show a reversal of polarity in the RPE. Gunderson et al. (1991) have shown that these proteins are polarized to the apical domain. Furthermore, Rizzolo and Heiges (1991) have found that apical polarization of the RPE does not occur until day 11 in the chick embryo, a time when the devel oping photoreceptors begin to elaborate their extracellular matrix. The RPE is peculiar in the sense that both its baso lateral and apical membranes are in contact with highly organized extracellular matrices, the basal lamina on the basal side and an intricate system of proteoglycan sheaths surrounding individual photoreceptor outer segments on the apical side (Johnson et al., 1986; Sameshima et al. 1987) . Thus interactions between cytoskeletal elements, Na,KATPase and extracellular matrix components could be involved in dictating the polarity of this enzyme.
Finally, we should not dismiss the possibility that infor mation for trafficking could reside in the amino acid sequence of the Na,K-ATPase a or p subunits. Protein (McGrail and Sweadner, 1986 ) and mRNA analysis (Gundersen et al., 1991) suggest that the a isoform is the same in the kidney and RPE, namely a i. As in the kidney, the pi isoform has also been detected with antibodies and by mRNA analysis (Gundersen et al., 1991; Rizzolo and Heiges, 1991) , although the abundance of Pi does not appear to be 1:1 with a i. Thus it is conceivable that the RPE contains a unique P isoform that dictates polarity.
The mRNA isoform classification of RPE ATPase sub units that has been performed to date has been limited to northern blot analysis. This is a relatively low resolution method, which cannot detect subtle differences in size or nucleotide sequence. Thus we must remain receptive to the possibility that, in spite of apparent isoform identity among a and P subunits in RPE and kidney, minor sequence dif ferences that result in small changes at the protein level could determine polarity. Brewer and Roth (1991) have shown that a single amino acid change from cysteine to tyrosine in the cytoplasmic domain of influenza HA changes its expression from the apical to the basolateral membrane.
A FEW PARTING POINTS
The RPE presents an interesting target for investigations into its diverse functions in the healthy state as well as for issues involving the process of aging and genetic disorders. Whereas the RPE has not been included in the mainstream investigations of the majority of those interested in epithe lial polarity, I hope that this short review has made a case for the versatility of this epithelium and some of the unique features of its polarity. Recent advances in cell culture, par ticularly in the case of human, bovine and chicken RPE, have made it possible to explore more readily this inter esting tissue under a variety of controlled conditions. 
